In this paper, we studied platinum (Pt)-and cobalt oxide (CoO x )-loaded silver tantalate (AgTaO 3 ) for photocatalytic overall water splitting. Pt and CoO x were loaded on AgTaO 3 by photodeposition, and the obtained photocatalysts were characterized by using powder X-ray diffraction (XRD), UV-visible (UV-vis) absorption spectroscopy, X-ray photoelectron spectroscopy (XPS), inductively coupled plasma atomic emission spectroscopy (ICP-AES), and microscope inspection. By the scanning transmission electron microscope (STEM) inspection, the diameters of Pt and CoO x particles were found to be approximately 30 and 50 nm, respectively. When AgTaO 3 photocatalyst loaded with Pt and CoO x nanoparticles was employed for water splitting, the activity was demonstrated to be 80 times higher compared with the bare AgTaO 3 , indicating that the photodeposited Pt and CoO x effectively functioned as the hydrogen (H 2 ) and oxygen (O 2 ) evolution cocatalysts, respectively. While the use of photodeposited CoO x is often limited in photoelectrochemical water oxidation and photocatalytic half-reaction of water, CoO x deposited on AgTaO 3 could be demonstrated to enhance the photocatalytic overall water splitting activity.
Introduction
Since Fujishima and Honda reported photoelectrochemical water splitting using a titanium dioxide electrode in 1972, 1 photocatalytic water splitting into hydrogen (H 2 ) and oxygen (O 2 ) has attracted much attention because it has a potential to generate H 2 as a clean and sustainable energy source. To date, a considerable number of photocatalysts have been developed to construct water splitting systems including one-step [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] and two-step 12-17 photoexcitation systems. However, in both systems, the water oxidation process is currently considered to be a key bottleneck in water splitting. The difficulty of water oxidation is due to the high overpotential for O 2 evolution, which originates from slow O 2 evolution kinetics and charge trapping by surface states. Therefore, providing the active sites for O 2 evolution which can reduce the overpotential is a key strategy for efficient overall water splitting, it has been reported that cocatalysts such as ruthenium oxide (RuO 2 ) 18, 19 and iridium oxide (IrO 2 ) 19,20 loaded on photocatalysts played a very important role on achieving overall water splitting by means of offering the active sites or promoting charge separation. To load cocatalysts on photocatalysts, several methods have been developed including photodeposition, impregnation, and chemical oxidation (or reduction). Among them, the photodeposition method is advantageous in that it allows us the site-selective deposition of O 2 evolution cocatalysts on oxidation sites and H 2 evolution cocatalysts on reduction sites, [21] [22] [23] [24] which would further promote charge separation and prevent the occurrence of backward reactions.
In the present study, we report to use Pt and cobalt oxide (CoO x ) as cocatalysts on silver tantalite (AgTaO 3 ) photocatalyst for overall water splitting. AgTaO 3 (bandgap of 3.4 eV) functions as an overall water-splitting photocatalyst under UV light, 7 and can also act as the one under visible light by substitutional doping of niobium (Nb) at tantalum (Ta) site (AgTa 1¹x Nb x O 3 ). 8 Pt is a well-known cocatalyst for H 2 evolution from the half-reaction of water, however not usually utilized for the overall water splitting. Recently, Nocera's group reported that cobalt (Co)-based O 2 evolution catalyst was generated by oxidizing Co ions during the catalytic cycle of electrochemical O 2 evolution reaction and that the prepared CoO x possessed attractive features such as the low overpotential, longterm stability and earth-abundance. 24 After this report, although quite a number of researches related to the Co-based cocatalyst have been performed, most of them are reported electrochemically or photoelectrochemically using electrode systems. [25] [26] [27] A few of them are related to photocatalytic water oxidation activity using powder systems, but only for O 2 evolution from the half-reaction of water. 28, 29 Therefore, we attempted to deposit the oxidation cocatalyst, CoO x and the reduction cocatalyst, Pt on AgTaO 3 powder photocatalyst by photodeposition. The prepared photocatalysts were characterized by various spectroscopic techniques and employed for photocatalytic experiments to examine the effects of the photodeposited cocatalysts on photocatalytic activity. Then we achieved the remarkably enhanced overall water-splitting activity, compared to bare AgTaO 3 and singly Pt-or CoO x -deposited AgTaO 3 .
Experimental

Synthesis
AgTaO 3 was synthesized using a hydrothermal method. First, stoichiometric amounts of silver nitrate (AgNO 3 , >99.8%; Kanto Kagaku) and tantalum ethoxide (Ta(OC 2 H 5 ) 5 , 99.98%, Aldrich) were dissolved in 60 mL of distilled water. The resulting white suspension was transferred to a 100-mL Teflon-lined stainless steel autoclave and incubated at 180°C for 48 h. The sample was recovered by filtration, washed, and dried at 80°C overnight. After calcination at 850°C for 24 h in air, a white powder was obtained.
Photodeposition of Pt was conducted as follows. Briefly, 500 mg of AgTaO 3 was first dispersed in 100 mL of methanol solution (20 vol%) 
Characterization
The crystal structures of the prepared powders were examined by X-ray diffraction (XRD) using a PW-1700 system (PANalytical). Optical absorption spectra were measured in diffuse reflectance (DR) mode using a UV-vis spectrometer (V-650, JASCO) with barium sulfate (BaSO 4 ) as the reflectance standard. X-ray photoelectron spectra were measured using an X-ray photoelectron spectrometer (AXIS-ULTRA, KRATOS). The amount of photodeposited Pt and Co were determined by inductively coupled plasma atomic emission spectroscopy (ICP-AES, SPS3520UV-DD, Hitachi). A scanning electron microscope (SEM, JSM-6500F, JEOL) and a scanning transmission electron microscope (STEM, Tecnai Osiris, FEI) were used to observe the morphology of the prepared photocatalysts.
Water-splitting reactions
The overall water-splitting experiment was carried out in a gas-closed circulation system. Photocatalyst powder (60 mg) was suspended in 12 mL of purified water (without pH adjustment) using a magnetic stirrer. Argon gas (50 kPa) was introduced into the system after repeated freeze-pump (2.5 Pa)-thaw cycles. A Xe lamp with light intensity of 115 mW/cm 2 was used for light irradiation. The amounts of evolved H 2 and O 2 were monitored using an online gas chromatograph (GC-8A, Shimadzu). In some cases, N 2 was unexpectedly detected during photocatalysis. As the detected N 2 is considered to originate from external air, the amount of evolved O 2 was calculated using the following equation: calc. O 2 = obs. O 2 ¹ (obs. N 2 /0.78) © 0.21. Figure 1a shows XRD patterns of the synthesized AgTaO 3 powder. The observed patterns are characteristic of the perovskitetype diffraction pattern and well consistent with the pattern of AgTaO 3 reported previously. 7, 8 After photodeposition of Pt (Fig. 1b ) and CoO x (Fig. 1c) , the peak position of AgTaO 3 did not change, which indicated that Pt and CoO x were just deposited on the surface instead of being inserted in the crystal lattice of AgTaO 3 . No peaks derived from Pt and CoO x were observed. This is due to their high dispersion and low content on AgTaO 3 photocatalyst.
Results and Discussion
Characterization of the prepared photocatalysts
Elemental analyses of CoO x /AgTaO 3 /Pt by ICP-AES indicated that both of Pt and Co were deposited on AgTaO 3 by photodeposition. This is plausible when we consider band positions of AgTaO 3 
As those potentials are much more positive than ¹0.9 V, AgTaO 3 is considered to be able to readily reduce [Pt 4+ Cl 6 ] 2¹ to Pt 0 . In contrast, according to electrochemical measurements, Co-based O 2 evolution catalyst is known to form by oxidizing Co 2+ in a phosphate buffer (pH 7) at more positive potential than 1.4 V vs. SHE. 24 This potential is much more negative than the VB top potential of AgTaO 3 . Thus, AgTaO 3 has ability to deposit both of Pt and CoO x through the photochemical reaction. The weight fractions of Pt and Co relative to AgTaO 3 measured after the photodeposition were 1.0 © 10 ¹3 and 7.3 © 10
¹4
, respectively, whereas they were 2.7 © 10 ¹4 and 0, respectively for AgTaO 3 prepared under dark condition. These results indicate that the photodeposition of Pt and CoO x occurred on the surface of AgTaO 3 though a part of Pt was Electrochemistry, 84(10), 784-788 (2016) likely to be attached by adsorption. As for Co, the loaded amount was relatively small compared with that subjected for the photodeposition reaction. We considered that this was due to dissolution of the deposited CoO x because the electrodeposited CoO x is known to dissolve into the electrolyte in the absence of applied potential. 30 In the suspension illuminated by the Xe lamp, photodeposition and dissolution of CoO x were expected to proceed simultaneously.
The deposition of Pt and CoO x is also confirmed by UV-vis absorption spectra as shown in Fig. 2 . It has been reported that Pt nanoparticles have absorption in all wavelength region of the UV-vis spectrum. The measured spectrum of AgTaO 3 /Pt showed a significant increase in absorption in the visible light region compared to that of AgTaO 3 . This is attributable to the presence of Pt nanoparticles that are formed by reduction of PtCl 6 2¹ in the photodeposition process. An increase in absorption was observed also when CoO x was deposited. In this case, absorption increased at visible light region, especially from 400 to 600 nm. This wavelength range is consistent with the range where a CoO x film prepared by electrodeposition shows absorption. Notably, there was no significant shift of the absorption edge of AgTaO 3 after photodeposition because Pt and Co are loaded on the surface of AgTaO 3 as confirmed by XRD. Figures 3(a)-3(d) show SEM images of AgTaO 3 , AgTaO 3 /Pt, CoO x /AgTaO 3 , and CoO x /AgTaO 3 /Pt, respectively. SEM observation showed that the size of AgTaO 3 particle was varying from 100 to 300 nm and that photodeposited Pt and CoO x particles were distributed on the surface of AgTaO 3 . STEM inspection (Figs. 3e,  3f ) further revealed that the diameter of Pt and CoO x were approximately 30 and 50 nm, respectively.
XPS is used to identify the oxidation state of Pt and Co deposited on AgTaO 3 . The XPS spectra from the Pt 4f region of AgTaO 3 and AgTaO 3 /Pt are shown in Fig. 4(a) 
Water splitting
We examined water splitting using a series of the AgTaO 3 photocatalysts under Xe lamp irradiation and the results are shown in Fig. 5 . As reported previously, AgTaO 3 showed photocatalytic activity for pure water splitting into H 2 and O 2 even without any cocatalyst, and a linear increase in the amount of H 2 and O 2 was observed ( Fig. 5(a) ). In contrast, when Pt or CoO x was loaded as the cocatalyst, the activities for H 2 evolution increased approximately 2 times (Figs. 5(b) and 5(c) ). These results indicate that the photoexcited electrons and the photogenerated holes could transfer from AgTaO 3 to the surface-deposited Pt and CoO x , respectively. In each case, the ratio of evolved H 2 and O 2 was slightly deviated from the stoichiometry and the evolved O 2 was less than the stoichiometric amount of O 2 . According to the previous report, the deviation can be considered due to the adsorption of O 2 on the surface of AgTaO 3 and the consumption of photogenerated holes by metallic silver which is intrinsically generated in the synthesis of AgTaO 3 .
7 Notably, when both of Pt and CoO x were loaded on AgTaO 3 , 80-fold enhancement of photocatalytic activity was observed (Fig. 6 ). This is reasonable since the reaction rate of photocatalytic water splitting is often determined by the slower step between O 2 evolution and H 2 evolution reactions, and it is necessary to promote both reactions Electrochemistry, 84(10), 784-788 (2016) simultaneously to achieve higher activity. Thus, the photodeposited Pt and CoO x were proved to function as the H 2 evolution and the O 2 evolution cocatalysts, respectively, and the results shown here further demonstrated the important role of cocatalyst played in water splitting reaction.
Conclusion
The Pt and CoO x were loaded on AgTaO 3 by photodeposition method. The photodeposited Pt and CoO x nanoparticles functioned as H 2 and O 2 evolution cocatalysts, respectively, and the simultaneous improvement of H 2 and O 2 evolution activity was found to be important to achieve efficient water splitting using AgTaO 3 . The water splitting activity of AgTaO 3 loaded with Pt and CoO x nanoparticles was 80 times higher than that of native AgTaO 3 . In the present study, we used AgTaO 3 as the photocatalyst which is sensitive to only UV light. In contrast, we are now applying this method to visible-light-sensitive photocatalysts such as AgTa 1¹x Nb x O 3 and SnNb 2 O 6 . In addition, utilization of the photodeposited cocatalysts in two-step photoexcitation systems is expected to have a potential to achieve efficient water splitting under visible light. In fact, in the presence of appropriate sacrificial agents, both of Pt and CoO x are capable to be deposited on the H 2 and O 2 evolution photocatalysts, respectively. Such studies are currently underway in our laboratory. 
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